Abstract Medical and surgical interventions for elevated breast cancer risk (e.g., BRCA1/2 mutation, family history) focus on reducing estrogen exposure. Women at elevated risk may be interested in less aggressive approaches to risk reduction. For example, exercise might reduce estrogen, yet has fewer serious side effects and less negative impact than surgery or hormonal medications. Randomized controlled trial. Increased risk defined by risk prediction models or BRCA mutation status. Eligibility: Age 18-50, eumenorrheic, non-smokers, and body mass index (BMI) between 21 and 50 kg/m 2 . 139 were randomized. Treadmill exercise: 150 or 300 min/week, five menstrual cycles. Control group maintained exercise\75 min/week. Primary outcome: Area under curve (AUC) for urinary estrogen. Secondary measures: urinary progesterone, quantitative digitized breast dynamic contrast-enhanced magnetic resonance imaging background parenchymal enhancement. Mean age 34 years, mean BMI 26.8 kg/m 2 . A linear dose-response relationship was observed such that every 100 min of exercise is associated with 3.6 % lower follicular phase estrogen AUC (linear trend test, p = 0.03). No changes in luteal phase estrogen or progesterone levels. There was also a dose-response effect noted: for every 100 min of exercise, there was a 9.7 % decrease in background parenchymal enhancement as measured by imaging (linear trend test, p = 0.009). Linear dose-response effect observed to reduce follicular phase estrogen exposure measured via urine and hormone sensitive breast tissue as measured by imaging. Future research should explore maintenance of effects and extent to which findings are repeatable in lower risk women. Given the high benefit to risk ratio, clinicians can inform young women at increased risk that exercise may blunt estrogen exposure while considering whether to try other preventive therapies.
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Keywords Breast cancer Á Exercise Á Estrogens Á Clinical trial Á Breast MRI The strongest basis for breast cancer prevention among high risk women is through hormonal intervention. Prophylactic oophorectomy can reduce risk by 50-70 % [1] [2] [3] . Selective Estrogen Receptor Modulators (SERMS, e.g., tamoxifen and raloxifene) are shown effective at reducing risk by approximately 50 % [4] . However, surgical and drug interventions have serious negative long-term consequences, including loss of fertility, increased risk of heart disease, and poor bone health outcomes [2, 5] . BRCA1/2 carriers often do not choose prophylactic mastectomy, even though reduction of risk is substantial [1, 2] . Women at elevated risk for breast cancer are motivated to reduce their risk [6] .
An exercise intervention might reduce sex hormones, and have a positive health impact. In observational studies, adolescent physical activity decreased breast cancer risk or delayed diagnosis among BRCA1/2 carriers [7] . Weight loss in early adult life reduced breast cancer risk among BRCA1/2 carriers by 34 % [8] . The hypothesized mechanisms for these effects included reduced steroid hormone exposure [9] .
Progesterone also has long been thought to be antiproliferative in the premenopausal breast. Its effects are opposite to estrogen-induced epithelial proliferation in the endometrium in the luteal phase of the menstrual cycle [10] . That said, there are animal data that implicate progesterone as contributing to mammary endothelial proliferation [11] , while epidemiologic data supporting the protective effect of progesterone [12, 13] . Prior studies have shown that exercise reduces [14] or does not change progesterone [15] .
Evidence supports a positive relationship of breast cancer risk with the amount of fibroglandular tissue and specifically with background parenchymal enhancement (BPE) as evaluated by DCE-MRI [16] [17] [18] , which can differentiate the non-enhancing fibrous tissues from the hormonally responsive enhancing glandular tissue [19] [20] [21] . To our knowledge, there have been no prior studies that have examined the effects of exercise on BPE.
The Women In Steady Exercise Research (WISER) Sister study was a randomized controlled trial with a primary objective to test dose-response effects of 150 and 300 min/week of aerobic exercise training over five menstrual cycles among healthy premenopausal women at elevated risk for breast cancer. Our primary hypothesis was that exercise training would decrease endogenous estrogen exposure in a dose-response manner. Herein we also report on two secondary outcomes, urinary progesterone and BPE. Our hypotheses for these secondary outcomes were similar: that exercise training would result in dose-response decreases.
Methods

Study subjects
Recruitment focused on organizations that worked with women at elevated risk, such as Facing Our Risk of Cancer Empowered (FORCE) (www.facingourrisk.org) and the Cancer Genetics Network [22] . Eligibility requirements included: female sex, no personal history of breast cancer, lifetime breast cancer risks of [18 % evidenced by documented BRCA 1 or 2 mutation for participant or first degree relative, and/or Claus model risk of [18 %, [23] and/or Gail model risk of [18 % [24] . The cut-off of 18 % was based on feasibility and to ensure the sample were truly at elevated risk. The background lifetime risk level is 12.4 % [25] . Additional eligibility factors were body mass index (BMI) between [21 and B50 kg/m 2 , age 18-50, eumenorrheic (menstrual cycles 23-35 days in length), gynecologic age [4 years, intact ovaries and uterus, no hormonal contraceptive use (past 3 months for oral and vaginal methods, past 12 months for medroxyprogesterone), prior tubal ligation or willingness to use non-hormonal birth control during study, no history of cancer, no eating disorders (screened using Eating Disorder Diagnostic Scale [26] ), not currently in a weight loss program, not pregnant in past 6 months, not currently breastfeeding, not planning to become pregnant, no more than 7 alcoholic beverages per week, self-reported aerobic exercise of \75 min/week over past 6 months, not planning to move during study; and no medical conditions that would preclude safe participation. Figure 1 presents the Consort flow diagram and final distribution of 139 randomized participants. Further details of recruitment are provided elsewhere [27] .
Women were placed into three exercise groups (control, low dose, and high dose) through a blocked randomization process, and using 1:1:1 ratio. We stratified to balance important potential confounders: gynecological age (\10 vs. C10), obesity (BMI \30 vs. C30 kg/m 2 ). The study was approved by the University of Pennsylvania IRB. Women provided written informed consent and written clearance from a physician prior to participation.
Intervention
Exercise took place over five menstrual cycles, on in-home treadmills provided to each intervention group participant (Smooth Fitness, model 5.65, King of Prussia, PA). Women wore a downloadable heart rate (HR) monitor during each exercise session (model RS400 Polar Electro Inc., Lake Success, NY). Exercise logs included date, time, average HR, and workout duration. Study staff reviewed logs and objectively monitored HR data weekly. Exercise intensity was set at 65-70 % age predicted max HR for weeks 1-4 (max HR = 220-age), 70-80 % of max HR for remainder of study. The low-dose exercise group completed 150 min/week. The high-dose exercise group started with 150 min/week and increased to 300 min/week by week 11, which was then sustained to study completion. Control group participants were asked not to engage in new activities during study participation, and were provided the in-home treadmill at study completion. Further details of the intervention are provided elsewhere [27] .
Measurements
Baseline and follow-up measurements were completed by trained staff blinded to treatment allocation, using standardized methods. Demographic characteristics were self-reported at baseline. Total treadmill time from the Bruce protocol [28] was used to assess aerobic fitness. Anthropometry measures included weight, height (baseline only). Body composition was measured by dual energy X-ray absorptiometry (DXA) (QDR 4500 Discovery A, Hologic, Bedford MA). Three day food records were entered into the Nutrition Data System for Research software (Nutrition Coordinating Center, University of Minnesota, (2009 version)). Physical activity was assessed via a modified version of the Modifiable Activity Questionnaire [29] .
Urinary hormones
All women provided first morning urine samples daily during cycles 1 and 2 (pre-intervention) as well as 6 and 7 (last 2 months of intervention, called 'post-intervention' going forward)). All urine samples were corrected for specific gravity using a hand refractometer (NSG Precision Cells, Inc., Farmingdale, NY) to account for hydration status. Pre-and post-intervention urine samples were grouped to run within the same reagent batch.
Microtiter plate competitive enzyme immunoassays (EIA) were used to measure the urinary metabolites of estrogen and progesterone, i.e., Estrone-3-Glucuronide (E1G) and Pregnanediol-3-Glucuronide (PdG), respectively. The secretion of these metabolites in the urine parallels serum concentrations of the parent hormones [30] . The intra-assay coefficients of variation for high and low internal controls for the E1G assay were 1.8 and 4.9 %. The intra-assay coefficients of variation for high and low internal controls for the PdG assay were 5.2 and 11.0 %.
Urinary luteinizing hormone (LH) was determined by double antibody radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA, USA). The sensitivity of the LH assay is 0.6 mIU/L. The intra-assay and inter-assay coefficients of variation were 1.6 and 7.1 %, respectively. Day of the ovulation was identified by the day of the urinary LH peak and by the association of urinary LH peak with the mid-cycle peak of E1G (occurring 1-2 days prior to the urinary LH peak) [31] . The total menstrual cycle length was defined, by self-report logs, as the number of days from day 1 of menses to the day before the next menses. Follicular phase length was defined as the number of days from day 1 of menses up to and including the day of ovulation (determined by LH surge, described above). Luteal phase length was defined as the number of days beginning from the day after ovulation to the day before next menses. The area under the curve (AUC) for E1G and PdG for follicular phase, luteal phase, and full cycle were computed using trapezoidal rule [32] .
MR image acquisition and analysis
Due to budget cuts MR imaging was completed for the first 68 women (22, 22 , and 24 in the control, low-, and highdose groups, respectively). Besides fewer minority women than white women (p = 0.001), there were no other observed differences between women receiving MR imaging versus not. Bilateral dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) examinations were performed between days 6 and 10 of the menstrual cycle at month one and seven using a 1.5-T Siemens scanner according to published methods [33] . At follow-up, images were obtained using the precise field of view (FOV) and slab dimensions used in the initial examinations to ensure consistency when comparing over time. We used our previously validated fully automated computerized methods [34] to quantitatively measure BPE [35] [36] [37] [38] .
Statistical analysis
Descriptive statistics were computed for study variables. All data are presented as mean ± SD for continuous variable and N (%) for categorical variables. The primary outcomes for this study were the AUC for urinary estrogen (hereafter E1G-AUC) for the follicular phase and luteal phase. Based on prior research, we expected a mean baseline value of 550 ng/mL in E1G-AUC, a standard deviation of 240 units and a correlation over time of approximately 0.77. Given an anticipated final sample size of approximately 42 women per group, we determined the power to detect a 10 and 20 % change in E1G-AUC in the low-and high-dose groups, respectively, to be 87 % for a two-sided, 0.05-level test. This corresponded to an effect size [39] of approximately 0.47. One-way ANOVA was used for baseline comparisons of aerobic fitness, anthropometry, diet, and physical activity variables. Normality of the outcome variables was tested by Shapiro-Wilk test. A log10 transformation for estrogen AUC, BPE, progesterone AUC, and physical activity level were taken to improve distribution normality. Geometric means were reported for the transformed variable when appropriate. To analyze the primary aim of treatment effects on estrogen AUC, a series of linear mixed effects models was fitted to the transformed outcome measures. Under the intention to treat framework, the models included a random effect for individual to account for up to four repeated measures per individual and fixed effects for group (low and high dose), indicator of post-intervention period, and the interaction between treatment group and post period. A missing at random mechanism was assumed and each model was adjusted for predictors associated with drop out: cycle length, age, BMI, marital status, race (except for BPE), and education [27] . Comparison between groups was done with a Bonferroni adjustment for Type I error (a = 0.025). Percent change in outcomes from pre to post and post/pre ratio in the mean values was estimated from the adjusted models. To evaluate the presence of dose-response relationships, a test of linear trend was conducted by testing linear and quadratic contrasts. A nonsignificant p value for the quadratic contrast along with a significant linear contrast provides evidence that a linear trend in dose holds. Secondary outcomes were analyzed in the same fashion. Statistical analysis was performed using SAS 9.3 (Cary, NC) or STATA 13.0 (College Station, TX). Table 1 shows the 139 randomized participants, including 17 women (12.2 %) lost to follow-up. Participants were 18-49 years of age at baseline, 15 % self-reported minority race/ethnicity. The majority were college educated, married, employed full time, and had children. Of the 69 participants aged [35, the average lifetime risk level as assessed by the Gail model [24] ranged from 9.6 to 51.4 %. Of the 134 participants for whom it was possible to calculate the Claus model risk prediction [23] , the average lifetime risk level ranged from 8.3 to 46.0 %. All participants met the eligibility criteria for 18 % lifetime risk using at least one method of prediction. Objective HR monitor data indicated that women in the low-dose and high-dose exercise groups completed 85 and 81 % of prescribed exercise minutes, respectively. Further detail on exercise adherence is provided elsewhere [27] . Table 2 shows baseline and follow-up data for fitness, anthropometry, diet, and physical activity. We observed a -2.1, ?13.4, and ?17.7 % change in aerobic fitness in the control-, low-, and high-dose groups, respectively. Menstrual cycle length and anthropometric measurements did not differ between groups at baseline or follow-up. Self-reported physical activity improved in the two exercise groups. No between-group differences were noted in energy intake at baseline or follow-up. There were no unexpected or serious adverse events related to the intervention. Table 3 shows urinary hormone data and the BPE data from MR imaging. Hormonal data included all 135 women who provided adequate baseline urinary data. The four women for whom we had insufficient hormonal data were in the low-dose (2 women) and high-dose (2 women) groups. There were no between group differences in any hormonal or MRI-BPE measurements at baseline. Figures 2 and 3 shows the adjusted ratio of post:pre values for urinary estrogen, urinary progesterone, and MRI-BPE outcomes, during the follicular phase (all a Study eligibility required that all women not be taking any hormonal contraception or any other hormonal medications for specific time periods. For example: no oral contraceptives for 3 months, no depo-provera for 12 months, and no vaginal estrogen ring for 6 months. Women who stopped these medications to enter the study were required to show they had at least 3 menstrual cycles that fit our criteria of 'normal' (25-32 days) before being admitted to the trial b 49 participants tested positive for the BRCA1 or BRCA2 gene mutation. Those who tested positive were immediately deemed the appropriate risk level for the study c 10 participants tested negative for both the BRCA1 and BRCA2 gene mutations. These participants were eligible for the study due to their lifetime risk, as calculated via the Gail and/or Claus models d 78 participants were not tested for the BRCA1 and BRCA2 gene mutations. These participants were eligible for the study due to their lifetime risk, as calculated via the Gail and/or Claus models e A Gail score is not calculated for women below the age of 35, which is why the Gail N does not equal the total N randomized f A Claus score is not calculated for women who lack female first and/or second degree relatives with breast cancer, which is why the Claus N does not equal the total N randomized (36) 15 (35) 17 (37) 11 (25) 11 (29) 13 (35) 1 24 (55) 22 (51) 24 (52) 0.9755
Results
30 (68) 21 (55) 21 (57) 0.5543
6 (14) 5 (11) 3 (7) 6 (16) 3 ( follicular values were on average as much as 25 % higher OR lower than observed, the pattern of findings remained the same. Within the subset of 68 women who underwent MR imaging, there were no baseline between group differences in quantitative BPE (Table 3) . The hypothesis of a doseresponse linear trend was supported by a non-significant quadratic trend (p = 0.67) and a significant linear trend (p = 0.009). For every 100 min per week of exercise, a 9.7 % [95 % CI 0.02, 16 .4] reduction in BPE was estimated. At follow-up, the control group exhibited a 20.4 % increase, compared to -7.7 % and -11.6 % decreases in the low-and high-dose groups, respectively. Adding body fat to the models that evaluated MR imaging did not alter these findings.
Comment
A 5-month aerobic exercise intervention among premenopausal women at elevated breast cancer risk resulted in significant linear dose-response reductions in follicular phase estrogen and hormonally sensitive breast tissue, measured by imaging. High-risk women may ask clinicians whether there is anything beyond drugs or surgery that may reduce breast cancer risk. The results herein are relevant to that discussion.
The pattern of results differed across the estrogen and imaging outcomes. Estrogen and hormonally sensitive breast tissue increased in the control group. However, estrogen stayed the same in the intervention groups, while hormonally sensitive breast tissue decreased in a linear fashion in the low-and high-dose exercise groups. To our knowledge this trial is the first to document such increases over time in estrogens and hormonally sensitive breast tissue in high risk women. Future research is needed to confirm and explain this pattern. One testable hypothesis is that the exercise intervention had a more direct effect on breast tissue (as assessed by imaging) than on systemic estrogens.
Ours is the first dose-response exercise intervention trial to assess effects on endogenous sex hormone exposure among premenopausal women. In contrast to our results, a prior study of 150 min/week of exercise over four menstrual cycles did not result in reductions of estrone or estradiol, as measured from three 24 h urine collections in the follicular phase [40] . Our findings on estrogen exposure concur with prior observational studies in premenopausal women [41] . A key innovation of our trial was use of daily hormonal data collection to assess AUC for hormonal exposure [32, 42] . Data from the Nurses Health Study indicate 11 % higher urinary estrogens among premenopausal women who developed breast cancer than women who did not develop breast cancer [43] . This is similar to the difference in
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High Dose Group Fig. 3 An example magnetic resonance image from three women among the 68 women at elevated breast cancer risk who underwent the imaging study. This image that shows examples of background parenchymal enhancement for 1 patient in each group: control-, low-, and high-dose groups, from baseline (month 1) and follow-up (month 7) percent change in urinary estrogens when comparing the low (13.1 %)-and high (11.4 %)-dose exercise groups, respectively, to the control group. BPE is strongly predictive of breast cancer risk [16, 18] and is more sensitive than mammographic density. Another innovation of our study is the fully automated BPE measurements, which alleviate the subjectivity of visual assessment [16, 20, 44] . Prior studies have used a qualitative approach to analyzing BPE when characterizing the relationship with breast cancer risk. This challenges direct comparison of our results to those prior studies. However, it is plausible that the difference in the percent change of 12.7 and 32 % from pre-to-post intervention in BPE, we observed between the control group and the low-and high-dose groups, respectively, represent at least a quintile category shift of BPE data [16, 20] , which has been associated with breast cancer risk odds ratios ranging from 3.3 up to 10.1 [16] .
Strengths of WISER Sister include the high exercise adherence, high proportion of subjects with full follow-up, daily hormone measurements, study duration, and national recruitment. Limitations include that MR imaging was completed in a subset of participants. Further, there were four women whose baseline urine samples were insufficient for analysis.
In conclusion, we observed a dose-response effect of aerobic exercise training on estrogen and breast tissue, assessed by imaging. Future research should explore maintenance of effects and extent to which findings are repeatable in lower risk women. The high quality measurements of endogenous hormone exposure used in WISER Sister need to be applied to a lower risk population to discern whether effects of exercise on estrogens might partly explain the well-documented epidemiologic association of exercise and reduced breast cancer risk [45] . While the relationship between exercise and pre-menopausal breast cancer is not as clear as for exercise and post-menopausal cancer, it is biologically plausible that hormonal exposures prior to menopause are relevant to post-menopausal breast cancer risk. Clinicians have conversations with young women every day that include providing options for interventions to reduce elevated breast cancer risk. Women at elevated risk should be guided to include at least 150 and up to 300 min per week of aerobic exercise to reduce estrogen exposure and hormonally sensitive breast tissue.
